A combination of atomic force microscopy (AFM) and reflection interference contrast microscopy (RICM) was used to measure simultaneously the interaction force and the spatiotemporal evolution of the thin water film between a bubble in water and mica surfaces with varying degrees of hydrophobicity. Stable films, supported by the repulsive van der WaalsÀCasimirÀLifshitz force were always observed between air bubble and hydrophilic mica surfaces (water contact angle, θ w < 5°)
B
ubbles are an important component in a wide range of traditional industrial and engineering applications such as foam formation, 1 froth flotation 2 and microfluidic devices. 3 More recently bubbles are found to have important roles as an ultrasound imaging contrast agent, 4À6 in enhancing membrane permeability and molecular uptake, 7À9 as a stimuli-responsive carrier for drug and gene delivery, 4,10À13 as a waterdriven micromotor, 14 as template for synthesis of micro-and nanoparticles 15, 16 used in catalysis, 17 in heterogeneous cavitation 18 and in surface cleaning. 19 In many of these applications, the interactions between bubbles and solids of different hydrophobicity in aqueous environments such as electrostatic, hydrophobic, specific ligandÀ receptor interactions and hydrodynamic interaction are the critical determining factors for achieving desired characteristics and functionality of bubbles. 13,20À25 Because of the intrinsic hydrophobicity of bubbles, hydrophobic interaction is one of the most important nonspecific interactions that guides assembly and adsorption of hydrophobic or amphiphilic molecules and particles at the air/water interface. 21À23,26À28 The hydrophobic interaction has been recognized for decades, yet its precise physical origin remains to be quantified, although different models have been proposed. 27,29À33 To date, quantitative force measurements of hydrophobic interactions were mainly conducted on solid surfaces using the surface force apparatus (SFA) and atomic force microscope (AFM). 31,32,34À40 An exponential dependence on separation with decay lengths of 0.3 nm to >1.0 nm has been reported for the hydrophobic interaction in different material systems 27, 35, 38 and the presence of nanobubbles on hydrophobic surfaces and dissolved gases have also been found to cause long-range attraction. 37 ,41À44 On the other hand, reports on hydrophobic interaction involving deformable bubbles or droplets were rather limited, most likely due to the complex coupling of forces and surface deformation during interaction. 30, 45, 46 In contrast to the strong elasticity-controlled deformation energetics of solid surfaces, weaker surface energy governs the deformation of the air/water interface of bubbles in response to external forces, such as velocity-dependent hydrodynamic force and separationdependent colloidal forces. 21, 47 Therefore, the drainage process of the thin liquid film confined between an air bubble and a solid surface can be more complex than that confined between two solid surfaces. To achieve a complete understanding of the interaction between air bubbles and solid surfaces, it is of critical importance to make synchronous measurements of interaction forces and visualization of the spatiotemporal evolution of the confined thin water film.
Recently, direct measurement of interaction force between an air bubble and solid surfaces has been successfully achieved using the AFM with the colloidal probe technique 46, 47 and bubble probe technique. 48À50 Repulsive van der Waals forces were observed between an air bubble and hydrophilic surfaces (e.g., mica) that stabilized a confined thin water film, 49, 51 whereas an attractive hydrophobic attraction was found to be responsible for bubble attachment and immobilization on hydrophobic substrates. 48 In such AFM studies, absolute separation between the interacting surfaces and associated deformation can only be obtained indirectly through theoretical modeling. On the other hand, visualization of the film drainage process and spatial-temporal evolution of the trapped water film between an air bubble and hydrophilic glass without direct force measurements has been accomplished using optical interferometry and the results could be modeled quantitatively. 51À53 However, simultaneous measurements of the interaction force and spatialtemporal evolution of the confined thin liquid film associated with the dynamic interactions of deformable bubble and droplet have not been attempted to date.
In this work, we have integrated the capabilities of atomic force microscope (AFM) with reflection interference contrast microscopy (RICM) ( Figure 1) , and, for the first time, investigated the interaction between an air bubble and mica surfaces with varying degrees of surface hydrophobicity through synchronous measurements of the interaction force and spatial-temporal visualization of the thin film drainage process. The interaction forces were measured with the AFM by driving a cantilever-anchored air bubble toward the solid surface. The fringe patterns that arise from interference between light reflected from the air/water interface of the bubble and the mica/water interface were obtained with RICM and analyzed using an improved mathematical method reported recently. 54 This method enables the reconstruction of bubbleÀ water surface profiles with nanometer-scale resolution. 54 A theoretical model has been applied to interpret the measured forces and predict the evolution of the thin water film profiles during the interaction that can be compared directly with experimental results. 48, 49 The asymmetric hydrophobic interaction between an air bubble and a hydrophobized solid surface was also quantified for the first time based on the AFM-RICM measurements. More generally, this study demonstrates the feasibility of simultaneously probing interaction force profiles and thin film drainage dynamics involving deformable surfaces based on the AFM. The technique can be readily extended to study the interactions in systems involving deformable bubbles and droplets with the potential to provide guidance for designing bubble-loaded drug molecules and nanoparticles as well as to predict the assembly process of particles on bubble surfaces.
RESULTS AND DISCUSSION
A micrometer-size air bubble (radius R 0 = 60À100 μm) anchored on a custom-made AFM tipless rectangular cantilever (400 Â 70 Â 2 μm) was used to measure the interaction with mica surfaces with varying degrees of hydrophobicity ( Figure 1 ). The air bubble was immobilized on a well-defined circular gold patch (diameter 65 μm, thickness 30 nm) at one end of the cantilever that was hydrophobized with a layer of self-assembled 1-dodecanethiol. 48, 55 The position of the cantilever and hence the air bubble was accurately controlled by a piezo-electric transducer and variation of the actual displacement, ΔX(t) of the www.acsnano.org 97 cantilever with time t, was measured and recorded with a linear variable differential transformer (LVDT) that is an integral part of the AFM. 56, 57 The timedependent interaction force was measured by monitoring the deflection of the cantilever with a known spring constant through changes in the position of a laser beam reflected from the cantilever on a photodiode detector. For a typical measurement, the air bubble was first driven toward ("approach") the mica surface until bubble attachment occurred or until a desired cantilever deflection was reached, whereupon it was then driven away ("retract") from the mica surface. The RICM interference patterns generated with monochromatic green light (wavelength 546.1 nm) were obtained with a Nikon TiÀU inverted microscope and were recorded with a video camera. The RICM images were processed with the ImageJ software (National Institutes of Health, USA) and the film thickness profiles were obtained by analysis of fringe order and light intensity of the interference patterns (see Supporting Information RICM image analysis). 54 The measurements were repeated at least 10 times at different positions on at least two surfaces with good reproducibility.
Bubble vs Hydrophilic Mica Surface. Before examining interactions between a bubble and mica surfaces with varying degrees of hydrophobicity, we first consider the simpler case of an unmodified hydrophilic mica surface for which all interaction forces are known. 48, 49 This will help establish the experimental protocol and validate the theoretical model used to analyze subsequent experimental results. In Figure 2 , we show the time variation of the measured force and the profile of the confined water film between an air bubble with radius of 98 μm and a freshly cleaved hydrophilic mica surface in 500 mM NaCl solution at a nominal velocity of v = 1 μm/s. At this high salt concentration, the electrical double layer (EDL) interaction between the bubble and the mica surface was highly screened so its contribution, Π EDL (h(r, t)), to the overall disjoining pressure Π(h(r, t)) was negligible. The disjoining pressure due to van der Waals (VDW) interaction Π VDW (h(r, t)), calculated using the full Lifshitz theory is repulsive at all separations (see van der Waals Interaction in Supporting Information). 58, 59 Therefore, a thin water film is maintained between the air bubble and the hydrophilic mica surface, supported by the repulsive VDW interaction that prevents the air bubble from attaching to hydrophilic mica surface.
As shown in Figure 2 , the time-dependent interaction force measured by AFM and profiles of the confined thin water film obtained from RICM measurements at different times (open circular symbols) agreed very well with theoretically predicted results (red solid lines). The RICM interference patterns are shown as insets in Figure 2BÀF . The symmetry of the inference patterns confirms the assumption of axisymmetric geometry of the confined thin water film during interaction. The initial bubble-mica separation at the time datum t = 0 s, was calculated to be h(r = 0, t = 0) = 3.08 ( 0.01 μm by fitting the force curve with theoretical model, the validity of that was verified with AFM coupled with confocal microscope in a previous report. 20 At time t = 1.82 s ( Figure 2B ), the cantilever displacement ΔX(t) measured by the LVDT was 3.02 μm, still less than the initial separation and the profile results, showed that the air bubble remained nearly spherical and the ARTICLE minimum separation, h(r = 0, 1.82 s) was about 76 nm. The measured actual ΔX(t) is larger than v Â t = 1.82 μm because the actual instantaneous velocity determined by LVDT dX(t)/dt was slightly different from the nominal driving velocity due to the nonlinearity of piezoelectric transducer. 50, 55 At a separation of 76 nm, the magnitude of VDW force was negligible compared to the hydrodynamic interaction that was repulsive during approach because the water confined between the air bubble and mica surface had to be displaced. At time t = 1.94 s ( Figure 2C ), ΔX(t) = 3.22 μm, so the air bubble would have made contact with the mica surface if it remained undeformed. However, the film profile shows there was still a finite separation of about 13 nm at r = 0 between air bubble and mica, as the bubble is deformed with a flattened central region that is evident on comparing the experimental data (open circles) and theoretical predictions (red solid line) to the undeformed spherical profile (blue solid line). Such deformation was mainly caused by hydrodynamic repulsion as the VDW interaction was negligible at h g 13 nm. As the bubble was driven even closer to mica, at time t = 2.18 s, when ΔX(t) has exceeded the initial separation h(r = 0, t = 0) by 0.52 μm, the interaction force has reached maximum repulsion with a water film of minimum thickness of 7 nm, confined in a flatten region of about 3 μm in radial extent, as shown in Figure 2D . At this stage, no further thinning of the confined water film could be observed even when the cantilever was driven even closer. Therefore, the hydrodynamic interaction in this flattened region was negligible (since dh/dt ∼ 0) and the thin water film was supported by the disjoining pressure due to the repulsive VDW interaction, calculated to be 1470 Pa at this separation and equal to the Laplace pressure of the air bubble. After the retraction was initiated, in contrast to the solid particle case in which the hydrodynamic force would become attractive immediately, the interaction repulsion force between the air bubble and the mica surface gradually decreased until a maximum hydrodynamic attraction was reached because water needed to be drawn back into the confined film (Figure 2A ,E). As shown in Figure 2E , at time t = 2.54 s, the overall interaction force still remained repulsive during retraction and although the film thickness increased at the outer region of the air bubble due to the retraction, it remained almost unchanged (∼7 nm) at the central flattened region while the radial extent of the central flattened region decreased form 3 to 2 μm. At time t = 2.90 s ( Figure 2F ), an attractive force was measured due to the hydrodynamic suction effect and the bubble showed a slight "pimple" shape, where its central region was closer to the mica surface as compared with the spherical undeformed shape (blue solid line). 48, 50 At higher velocities, significant bubble deformation and film thinning behavior accompanied by stronger attractive forces can be observed during the retraction process owing to the stronger hydrodynamic suction effect (see Supporting Information Figure S4 ). It is evident from the results in Figure 2 for the force and the confined film profiles that the VDW repulsion prevented the air bubble from attaching onto hydrophilic mica surface. The RICM experiment results clearly validated the theoretical model that is based on the Reynolds lubrication theory to describe the hydrodynamics of film drainage and the augmented YoungÀLaplace equation, with the inclusion of the VDW disjoining pressure to describe deformation of the bubble surface.
Bubble vs Hydrophobized Mica Surfaces. Freshly cleaved mica surfaces were hydrophobized with octadecyltrichlorosilane (OTS) by a vapor deposition process under vacuum, and different surface hydrophobicity was achieved by varying deposition duration. The hydrophobicity of the surfaces was characterized by the static water contact angle, θ w , of sessile water drops on the surfaces. We designate mica surface with different degrees of hydrophobicity by "mica-OTS-45" (θ w = 45°) and by "mica-OTS-90" (θ w = 90°) respectively. Figure 3 shows the interaction between an air bubble of radius R 0 = 75 μm and the mica-OTS-45 surface and the interaction between an air bubble of radius R 0 = 81 μm and the mica-OTS-90 surface. As distinct from the results shown in Figure 2 , jump-in behaviors (indicated by arrows in Figure 3A ,D) where the interaction force drastically turned from positive (repulsive) to negative (attractive), were observed for both mica-OTS-45 and mica-OTS-90 surfaces when the bubble was driven at a low velocity of 1 μm/s toward the mica. The jump-in behaviors indicated bubble attachment onto the hydrophobized surfaces, which led to strong capillary bridging attraction due to formation of an air capillary bridge between the tipless cantilever and the solid surface. The attachment behaviors were also verified by the evolution of the interference patterns. For both cases, the air bubble could not be detached from the mica surface by retracting the cantilever because of the strong capillary adhesion between the bubble and hydrophobized surface. In fact, for the mica-OTS-90 case, the air bubble could even spontaneously detach from the cantilever during retraction, due to the stronger surface hydrophobicity than mica-OTS-45.
The hydrophobized mica-OTS-45 and mica-OTS-90 surfaces have a root-mean-square (rms) roughness of ∼0.3 nm as confirmed by AFM imaging. Since the coated OTS layer on the mica surface was very thin, ∼1 nm as reported previously, its effect on the VDW interaction could be neglected for separation larger than 2 nm. 21, 60 As discussed above, the VDW interaction between mica surface and air bubble in water was repulsive at all separations and the EDL interaction was fully suppressed under the concentrated salt solution ARTICLE condition. Therefore, an additional attractive interaction must be responsible for triggering the air bubble attachmentÀwe attribute this to the attractive hydrophobic interaction between the air bubble and the hydrophobized mica. We recognize that interfacial nanobubbles have been observed by AFM imaging on various hydrophobic substrates that could lead to long-ranged attraction between the hydrophobic surfaces. 42À44,61À66 However, in this work, the RICM image has a normal resolution of ∼1 nm and lateral resolution of ∼150 nm. Therefore, the presence of nanobubbles with lateral size >150 nm could be excluded by RICM analysis. Tapping mode AFM imaging of the hydrophobized mica surfaces in 500 mM NaCl ( Figure S4 ) further confirms the absence of nanobubbles on the surfaces. Therefore, interfacial nanobubbles can be ruled out as the source for the observed attraction between an air bubble and hydrophobized mica surfaces in the present study.
Recently, a general interaction free energy per unit area: W H (h) = À2γHy exp(Àh/D H ) has been proposed to describe the hydrophobic or hydrophilic interaction between two identical planar surfaces at separation, h where D H is a characteristic decay length, γ is the interfacial energy of the surfaces and Hy (the so-called Hydra number) is the fraction of the hydrophobic region on the surface that may also depend on solvent conditions. 27, 35, 38 The decay length D H has been measured to be about 1 nm for solid hydrophobic surfaces, and a shorter decay length of ∼0.3 nm was also measured between hydrophobic oil droplets very recently. 30, 45 For the asymmetric interaction between a planar airÀwater interface and a hydrophobized mica surface, a similar exponential form for the interaction free energy per unit area: W H (h) = ÀC exp(Àh/D H ) can be posited. The constant C can be derived from thermodynamic considerations of the limit h f 0 that creates a solidÀair interface with surface energy γ SA from an airÀwater interface with surface energy γ, and a solidÀwater interface with surface energy γ SW to give: C = γ þ γ SW À γ SA . This together with the Young ÀDuprè equation at the three phase contact line: γ SA = γ SW þ γ cos θ w gives C = γ (1À cos θ w ) and results in the following expression for the hydrophobic disjoining pressure between a bubble and a hydrophobized surface.
For mica-OTS-45 and mica-OTS-90 surfaces, the constant C = γ (1 À cos θ w ) was determined to be 21 and 72 mN/m, respectively and the corresponding decay length D H was found by fitting the force-time data at v = 1.0 μm/s shown in (Figure 3A, D) to be 0.8 ( 0.1 nm for the interaction with the mica-OTS-45 surface and to be 1.0 ( 0.1 nm for the mica-OTS-90 surface. This fitted hydrophobic disjoining pressure was then used to calculate the confined film profiles at different times. As can be seen in Figure 3B ,E, such predicted film profiles agree very well with the experimental data based on the analysis of interference patterns from RICM (Supporting Information Figure S5 ). The critical film thickness before attachment, that is at the point of rupture of the confined water film, was calculated to be The same disjoining pressures for the bubblehydrophobized mica interaction mica-OTS-45 and mica-OTS-90, without further adjustments, were used to calculate the force and the film profiles at other drive velocities. In Figure 4 , we see that such predictions for the force for bubbles approaching mica-OTS-45 and mica-OTS-90 at nominal velocities in the range 5À30 μm/s agree very well with experimental data, and in particular, the model predicted the time of film rupture accurately. It is interesting to note that at these higher nominal drive velocities, water films remain stable on approach to the mica-OTS-45 surface because they are stabilized by higher repulsive hydrodynamic pressure. Film rupture only occurs during the retraction phase ( Figure 4A,B) when the hydrodynamic pressure turns attractive and brings the bubble surface close enough to the hydrophobized mica surface to be within range of the attractive hydrophobic disjoining pressure Π H (h). On the other hand, for the mica-OTS-90 surface that has a stronger hydrophobic attraction film rupture occurs during approach at 5 μm/s, whereas a higher repulsive hydrodynamic repulsion at 30 μm/s is needed to prevent film rupture on approach, see Figure 4C ,D.
In this work, the synchronous measurements of interaction forces and visualization of the spatiotemporal evolution of the confined thin water film between air bubble, that is inherently hydrophobic, and hydrohpobized mica surfaces demonstrate the significant role of hydrophobic interaction in this asymmetric system. The excellent agreement between theoretical predictions and experiment results based on AFM-RICM measurements indicates that D H = 0.8 ( 0.1 nm and D H = 1.0 ( 0.1 nm represent the characteristic decay length of hydrophobic interaction between the hydrophobic air bubble and hydrophobized mica-OTS-45 and mica-OTS-90, respectively. 21, 29, 31 The higher degree of surface hydrophobicity appears to increase the D H value slightly. It is evident from our results that the characteristic decay length of hydrophobic interaction is influenced by the surface hydrophobicity that affects the structure and orientation of water molecules near the surface. 38, 39 The asymmetric bubble-mica hydrophobic interaction free energy per unit area between the air bubble and the hydrophobic substrate can be described by
where γ is surface tension of water, θ w is the static water contact angle on hydrophobic surface, h is the surface separation, D H is the characteristic decay length that is system-dependent. On the basis of the analysis in this work, eq 2 is most likely applicable as a general potential function for hydrophobic interaction in asymmetric systems where deformable surfaces (e.g., gas bubble, liquid droplet) are involved. 
ARTICLE
An attempt to represent the hydrophobic interaction free energy per unit area with a single power law of the form: W H (h) = Àγ(1 À cos θ w )[D H /(h þ D H )] n failed to provide agreement with experimental data at all drive velocities (see the Supporting Information for details).
A recent study on the interaction between two hydrophobic drops of fluorocarbon mixture with the same refractive index as water, in which the effects of VDW interaction was almost eliminated, demonstrated a short-ranged hydrophobic interaction with a characteristic decay length of 0.3 nm, 30, 45 much shorter than that of hydrophobic interaction in solid/water/ solid symmetric systems reported previously and the air bubbleÀwaterÀsolid asymmetric system in this work. It is interesting to note when θ w =180°, eq 5 becomes W H (h) = À2γ exp(Àh/D H ), the same as the hydrophobic interaction free energy per unit area reported for the symmetric fluorocarbon/water/fluorocarbon system.
The difference between the observed decay lengths of ∼0.3 nm in soft oil/water/oil systems 30, 45 and of 0.8À1.0 nm in air/water/solid in this work and elsewhere, 27 might be explained in terms of the difference in the ability of the hydrophobic substrate to respond as interfacial water molecules rearrange their position and orientation to compensate for the lost of hydrogen bonding. The mica surface that has been rendered hydrophobic by the deposition of a thin layer of OTS molecules is rigid, so the first few layers of adjacent water molecules have to restructure as a consequence of the loss of hydrogen bonding compared to water molecules in bulk. On the other hand, in the vicinity of the soft, fluid oil/water interface, both the water and oil molecules in their respective phases near the interface can adjust their structure to accommodate for the loss of hydrogen bonding in the aqueous phase and the change in the surface energetics in the oil phase. As a consequence, the disruption of the bulk water structure is expected to extend a shorter distance into the aqueous phase thereby giving rise to the observed shorter decay length, D H in the hydrophobic interaction free energy per unit area in soft oil/water/oil systems. Indeed as two soft, deformable oil/water interfaces are brought together, it is expected that the interfacial structure in both the aqueous and the oil phase will change as a function of separation. However, precise quantification of such soft oil/water interfaces will require novel experimental studies and further theoretical modeling.
CONCLUSION
In this work, synchronous measurements of the interaction forces and the spatiotemporal evolution of the confined thin water film between air bubble and mica surfaces of different hydrophobicity were quantitatively achieved for the first time using an AFM coupled with RICM. The AFM-RICM experimental results are in complete accord with the theoretical model based on the Reynolds lubrication theory and the augmented YoungÀLaplace equation by including the effects of disjoining pressure. The excellent agreement between theory and experiments attests that the essential physics for the interaction between bubble and solid substrate has been elucidated. A hydrophobic interaction free energy per unit area of the form: W H (h) = Àγ (1 À cos θ w ) exp(Àh/D H ), developed from thermodynamic considerations, is able to quantify the asymmetric interaction between an air bubble and hydrophobic mica substrates in predicting the attachment of the bubble at AFM drive speeds between 1À30 μm/s on OTS hydrophobized mica surfaces with water contact angle θ w = 45°and 90°. The variation in the decay length, D H observed for the hydrophobic interactions between bubble and rigid hydrophobized mica surfaces used here and between soft deformable oil/water interfaces 30, 45 is attributed to the ability of interfacial molecules in the oil phase to accommodate changes in structure (position and orientation) of water molecules near the interface as a result of the loss of hydrogen bonding. The methodology for synchronous probing interaction force profiles and thin film drainage dynamics involving deformable surfaces can be extended to study the interaction mechanisms of a wide range of systems involving deformable bubbles and liquid droplets. Our results have the potential to provide insights into the basic understanding of the dynamic interaction mechanism between solid surfaces of different hydrophobicity in aqueous media and deformable bubbles/ drops/emulsions to more general biological materials that would be useful for designing the loading of bubbles/drops with molecules and particles as targeted delivery systems as well as the assembly of designed structures at soft or hydrophobic interfaces.
EXPERIMENTAL METHODS

Experiment.
A MPF-3D AFM (Asylum Research, Santa Barbara, CA) with a mounted Nikon TiÀU inverted microscope was used to investigate the interaction between air bubble and mica surfaces. A circular glass slide of an AFM fluid cell (radius of 35 mm) was mildly hydrophobized in 10 mM OTS in toluene solution for seconds to obtain a water contact angle of ∼50°to provide optimized hydrophobicity for immobilizing air bubble on the substrate. The air bubbles were carefully injected with a custom-made glass pipet with ultrasharp end. The immobilized air bubble was then picked up by a custom-made rectangular silicon AFM cantilever (400 Â 70 Â 2 μm), which had a strongly hydrohpobized circular gold patch at one end (diameter 65 μm, thickness 30 nm) for secure bubble anchoring. 48À50 Calibration ARTICLE of the cantilever was done before bubble loading and the spring constant was determined to be 0.3À0.4 N/m using the Hutter and Bechhoefer method. 67 The air bubble was then moved over the mica surface for force measurements.
Mica surfaces were hydrophobized with octadecyltrichlorosilane (OTS) through a vapor deposition process. A freshly cleaved mica surface was placed in a vacuum desiccator with a small OTS reservoir for different durations to achieve different degrees of hydrophobicity, indicated by the water contact angle of sessile drops. Before use in AFM-RICM experiments, the hydrophobized mica surfaces were washed with large amounts of toluene, ethanol and Milli-Q water sequentially to remove physically adsorbed OTS molecules. The roughness of the hydrophobized mica surfaces was determined by AFM tapping mode imaging, showing very low rms roughness ∼0.3 nm.
Theoretical Model. Since the velocities investigated in this work ranged from 1 to 30 μm/s, corresponding to very small Reynolds numbers ∼10 À3 to 10 À4 , which indicates the flow is in Stokes flow region, the Reynolds lubrication model 48, 49 can be used for quantitative analysis of the thickness, h(r, t) of the axisymmetric film drainage process
Here μ is the viscosity of water, p(r, t) is the excess hydrodynamic pressure relative to the bulk solution. Immobile boundary conditions at both air/water and solid/water interfaces were applied in contrast to classic fluid mechanics that suggested that the air/water interface should be fully mobile and could not sustain any shear stress. Recent work involving air bubble interaction indicated the applicability of the immobile boundary condition at the air/water interface. This could be due to a trace amount of surface active agents, including electrolyte, which can arrest boundary mobility while only lowering the surface tension by as little as 0.1 mN/m. The augmented YoungÀLaplace equation
where R 0 is the radius of the bubble, (2γ/R 0 ) is the Laplace pressure inside the air bubble, and Π is the disjoining pressure, was used to describe the deformation of air bubble during interaction. The contribution to the disjoining pressure Π comprised of the sum of the VDW interaction, calculated based on the full Lifshitz theory and the hydrophobic interaction was described in the main text. The interaction force F(t) is calculated by integrating p(r,t) and Π(h(r, t)) based on Derjaguin approximation
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